Abstract. The Farley-Buneman instability is a collisional two-stream instability observed in the E-region ionosphere at altitudes in the range of 95-110km. While linear theory predicts the dominant wavelengths, it cannot fully describe the behavior of this nonlinearly saturated instability as observed by radar and rocket measurements. We simulate the behavior of this instability in the plane perpendicular to the Earth's magnetic eld using a 2D hybrid code which models electron dynamics as a uid and ion dynamics with a particle-in-cell approach. The results show the growth, saturation and nonlinear behavior of the instability for a much longer period of time than was possible with the pure particle codes used in previous studies. This paper describes the spectra from these simulations and compares them to the observed spectra. Both the simulations and observations show that (1) type I spectra result from saturated two-stream waves for a broad range of zenith angles, (2) the phase-velocity of these waves is below that predicted by linear theory, (3) mode coupling leads to type II-like spectra without the presence of a plasma density gradient as often thought necessary, (4) an east-west asymmetry exists in the spectral power, (5) longer wavelengths develop due to mode coupling and (6) spectral power decreases at a rate of 0.3dB/degree of zenith angle.
Introduction
In the lower ionosphere, at roughly 100km altitude, a complex process transforms wind energy into currents creating the E-region electrojet. If these currents exceed a certain critical amplitude, a streaming instability called the Farley-Buneman or two-stream instability develops. While the linear aspects of this instability have been well understood for 30 years, in nature this instability saturates via some nonlinear physical mechanism or mechanisms. These nonlinear features necessarily play an important role in the behavior of these waves and their spectra. In the last 30 years, a number of attempts have been made to compare simulations with the experimental observations. This paper compares the spectra from the rst simulations capable of modeling this instability in a saturated state to observed spectra. In a previous paper, \Saturation of the FarleyBuneman instability via nonlinear electronẼ B drifts", referred to here as paper 1, we described the rst such simulation capable of modeling the instability well into its saturated state. The present paper describes further results from these simulations, focusing on an analysis of the spectra obtained in the saturated state.
The spectra resulting from our simulations appear strikingly similar to type I and II radar spectra observed in the E-region electrojet. The calculated spectra for wave vectors with substantial components parallel to the electron drift direction show the characteristic Doppler shifts and sharpness of type I echoes. The spectra with wave vectors mostly perpendicular to the electron drift direction show the broad bandwidth and small Doppler shifts associated with type II echoes. This occurs despite the lack of a gradient in the simulation. Additionally, the phase velocity of the dominant modes lies below the velocity predicted by linear theory consistent with radar observations. The spectra show an asymmetry such that a radar at the magnetic equator would observe more power from the east versus the west. Finally, the spectra show a change in power vs. zenith angle that agrees with quite well with observation.
Background
While amateur radio operators rst observed the strong echoes and distinct Doppler shifts of what we now call type I radar echoes in the 1940s, Bowles 1954] was the rst to describe these echoes in the scienti c literature. He used a VHF radar in the polar ionosphere to measure a Doppler shifted radar spectrum. Five years later Bowles et al. 1960] reported similar echoes in the equatorial electrojet. Shortly after this Farley 1963] and Buneman 1963] presented their theories explaining the origin of this phenomenon. Since that time, hundreds of papers describing observations and theories have been published. Numerous review papers and books, including Farley and Balsley 1973] , Farley 1979 ], Fejer and Kelley 1980] , Farley 1985] and Kelley 1989 ] survey this topic with varying degrees of detail. A recent review of theoretical developments can be found in Hamza and St.-Maurice 1995] . The recent thesis by Oppenheim 1995] contains a review of the literature and also includes much of the content of this paper and paper 1 in greater detail.
Radars detect two principal types of echoes in the E-region equatorial electrojet. Type I echoes return the strongest signal and were the rst type of radar echo identi ed Bowles, 1954] . They have pronounced Doppler shifts and narrow spectra and result from waves created by the two-stream or Farley-Buneman instability. Type II echoes return a weaker signal, requiring a more sensitive antenna and more sophisticated signal processing techniques than necessary to measure type I echoes Cohen and Bowles, 1967; Balsley, 1969] . These frequently-appearing echoes have broad spectra and small Doppler shifts. They are usually thought to arise from either (1) a nonlinear coupling of two-stream waves Dougherty and Farley, 1967] or (2) long wavelength gradient-drift waves which then couple down to the shorter wavelengths measured by radars via a turbulent cascade process Maeda et al., 1963; Rogister and D'Angelo, 1970; Sudan et al., 1973] . For a general review and an explanation of relatively recent theoretical studies of type II phenomena, see Ronchi 1990] or Ronchi et al. 1991] .
The classic example of equatorial type I radar echoes was published by Cohen and Bowles 1967 ] (see Figure  1 ). They also pointed out that the measured Doppler shift is less than that predicted by linear theory. Balsley and Farley 1971] con rmed and extended these results by using three radar frequencies (16MHz, 50MHZ and 146MHz). These observations were con rmed in Africa by Crochet et al. 1979 ] and Hanuise and Crochet 1981] using HF and VHF radars and in India by Prakash et al. 1974] . These teams observed the waves traveling at velocities close to the acoustic speed at all zenith angles rather than proportional to the electron drift velocity times the cosine of the zenith angle as predicted by linear theory. Ierkic et al. 1980] Peru at a number of angles with respect to vertical (zenith angle) and perpendicular to the Earth's magnetic eld. Note that the Doppler shift exceeds the spectral width and that the vertical echo has no net Doppler shift. (After Cohen and Bowles 1967]) energy versus zenith angle and asserted that the power received from type I echoes drops 0.3 dB/degree as the zenith angle increases from horizontal for 3m waves.
On the equator, we expect two primary sources of type I echoes. First, in the upper electrojet (105-115km), where no appreciable plasma density gradient exists, we expect \pure" two-stream waves to develop when the electron drift speed exceeds the threshold of the Farley-Buneman instability. Second, in the lower electrojet, plasma density gradients enable kilometerscale gradient-drift waves to develop at considerably lower electron drift speeds than necessary to initiate meter-scale two-stream waves. These gradient-drift waves perturb the electron motion su ciently to trigger two-stream waves. These \secondary two-stream waves" exist on the extrema of the gradient-drift waves and travel in a direction perpendicular to the horizontally traveling gradient-drift waves Sudan et al., 1973] . A vertically oriented radar can observe these secondary two stream waves as type I radar echoes. Cohen and Bowles 1967] pointed out that their studies show an asymmetry in the spectra not predicted by the linear theories. They state that \the upward (propagating) irregularities (observed at angles of incidence east of the zenith) are stronger than the downward (propagating) irregularities (observed at angles of incidence west of the zenith)," and speculated that this results from the change in the density with altitude. Later papers, also using Jicamarca data, proposed that the asymmetry results from the presence of the Atlantic ocean to the east and the Andes mountains to the west Balsley, 1970; Ierkic et al., 1980] . However, this e ect has now been observed elsewhere along the magnetic equator and, therefore the cause of this asymmetry cannot be geographic.
Before 1983, rockets designed to study the ionosphere ew through the electrojet at such high velocities that few measurements could be made, though Prakash et al. 1972 ] did manage to obtain some useful data. On March 12, 1983, the CONDOR rockets were launched from Peru with a ight trajectory designed to maximize the time spent in the electrojet Pfa et al., 1987a] . These in-situ measurements were taken in conjunction with radar observations Kudeki et al., 1987] . They were able to make multiple frequency measurements of the two-stream instability, con rming and re ning many of the ground based observations.
In 1994, the CUPRI mobile radar unit was assembled in Brazil to collaborate with the Guara rocket campaign to make more accurate measurements of electrojet waves Swartz and Pfa , 1995] . showed the results of a rocket ying through a pure two-stream instability in the upper electrojet (\pure" means having no appreciable gradient in the plasma density) with approximately 600m=s electron drift speed. They observed highly monochromatic twostream waves. However, these preliminary analyses showed a longer wavelength than one would expect from linear theory. We expect a more complete analysis in the near future.
Spectral Analysis
Simulation spectra for all modes show a remarkable similarity to radar spectra. This occurs despite appreciable di erences between what radars and our simulations actually measure. Radars probe the E region ionosphere one wavelength at a time, measuring the temporal spectrum for a single value ofk. Radars also clearly record Doppler shifts which correspond to wave phase velocities. The resulting spectra are usually displayed as normalized power versus Doppler shift Kudeki et al., 1987; Cohen and Bowles, 1967] .
Radars average together large volumes of space. A portable, though by no means small, radar such as the Cornell University Portable Radar (CUPRI) has a fullwidth at half-max beam width of ve degrees. This means that when it studies the ionosphere at 100km altitude at a 45 zenith angle, CUPRI averages the waves contained in a box roughly ten kilometers on a side. A single spectrum is typically generated from a series of pulses, typically 3ms apart, 32-128 of these pulses are used to generate a spectral waveform and then 8 or more of these are averaged to create a spectra. A single radar spectra from CUPRI averages over a second of time. This represents many orders of magnitude more space and time than we can currently simulate. CUPRI and most steerable radars average together echoes from pure and secondary two-stream waves as well as from plasma turbulence in a mixture that is often impossible to separate.
The large xed antenna at Jicamarca does considerably better than most smaller radars, having a beam width one tenth the size of CUPRI and a vertical resolution of, roughly, 150m. This radar also averages over a second of time and the total averaging of space and time encompasses 1-2 orders of magnitude more information than the simulation. Since this large antenna only observes vertical or nearly vertical density irregularities, it measures mostly secondary two-stream waves and the vertical component of pure two-stream waves. In spite of these di erences between the simulations and the radar observations, the spectra generated appear quite similar. This suggests that the measured FarleyBuneman waves are surprisingly homogeneous over a large volume of space and time.
The coordinate system we use aligns theŷ-axis with the northward pointing geomagnetic eld,B 0 , thexaxis with an eastward traveling electron drift direction and theẑ-axis upward pointing. The electrojet's driving electric eld,Ẽ 0 , points downward. These coordinates and parameters model an electrojet where the fundamental electron drift ows in the reverse direction of the typical equatorial electrojet's daytime ow (westward). Since none of the simulation data is coordinate system dependent, all our results can be made to correspond to a westward owing electrojet by rotating our results around theŷ-axis by 180 degrees. This causes our rightward (eastward) owing electrojet waves to travel leftward (westward) and our downward pointing electric eld,Ẽ 0 , to point upward.
We generate simulation spectra as follows. We ran the hybrid code described in paper 1 with parameters corresponding to 110km altitude in the equatorial electrojet as shown in table 1. The hybrid code saves periodic snapshots of the density, potential and currents every 0:25ms. We calculate a spatial k-spectrum at each timestep by Fourier transforming each snapshot with a two dimensional fast Fourier transform (FFT). Then, for each wavenumber (k), we generate a frequency !-spectrum with a Fourier transform of a 512-point time sequence. Unfortunately, we cannot display the resulting three dimensional information, n(k x ; k x ; !), with two dimensional visualization tools, so we limit ourselves to examining individual spectra, averages and cross-sections.
Individual !-spectra
The fundamental data returned by a radar shows the power re ected versus frequency o set for a particular wavenumber,k. Typically a few of these !-spectra are averaged in time and then displayed as normalized power versus Doppler shift Cohen and Bowles, 1967; Kudeki et al., 1987] . Figure 2 shows the !-spectra of a Jicamarca focuses on a smaller area of the electrojet but is restricted to observing zenith angles near 90 . Hence, this array detects either the perpendicular components of pure two-stream waves or the primary components of secondary two-stream waves which are subject to physical constraints not present in the simulations. In spite of the di erences between radar and simulation spectra, the width of the simulation !-spectra compare quite well with radar echoes for those !-spectra resulting from larger zenith angles such as the ones shown in gure 2 at k z = 3:67m ?1 , jk x j 3:14m ?1 . Also, note that the !-spectra of the horizontally propagating 3m waves shown at k x = 2:09, k z = 0 appear as typical type I echoes.
When the large radar array at Jicamarca, Peru measures density perturbations in the upper electrojet, it frequently observes !-spectra similar to those generated by the simulation. The k x = 0 spectra of gure 2 show !-spectra with little net Doppler shifts and spectral widths comparable to the acoustic velocity. Radar echoes with similar characteristics are often called type II echoes. However, in the simulation, these result from a type of nonlinear wave coupling mechanism described in paper 1 instead of from a gradient-drift wave. It seems likely the same process produces the echoes measured by many radars and often labeled type II.
From these !-spectra, we can determine the magnitude of the amplitude change between upward (parallel toẼ 0 ) and downward (antiparallel toẼ 0 ) tilted modes. For example, the mode with the largest amplitude lies at k x = 7:33m ?1 , k z = 0:5236m ?1 . This mode travels to the right and upward (for a westward traveling electrojet this would be reversed -left and down). The comparable mode traveling to the right and downward at k x = ?7:33m ?1 , k z = 0:52m ?1 has a 10dB smaller amplitude. A quick inspection of neighboring !-spectra shows that most of the spectra of upward tilted modes have a larger amplitude than the comparable downward tilted mode. The averaged spectra show this asymmetry more clearly.
Averaged k-spectra
Averaging over long time spans enables us to see the dominant modes of the simulation. Figure 3 shows the k-spectra averaged over 128ms of saturated wave behavior, a short time compared to radar averaging times but this time represents over 70 full oscillations of the dominant modes. Three important features appear on this plot. First, we see that the dominant mode does not travel strictly rightward in the electron drift direction as would a purely linear Farley-Buneman wave. Instead, the dominant mode travels slightly upward (parallel toẼ 0 ) as well as rightward. Second, the positive \k x " values have larger amplitudes than the negative ones. This results from the presence of more rightward and upward traveling waves than rightward and downward traveling waves. Third, we observe a second smaller peak of wave energy at the modes, k x = 1m ?1 , jk z j < 2m ?1 . These longer wavelength modes most likely result from nonlinear mode coupling from the dominant, shorter wavelength, modes. Since this mode is the largest one supported by this simulation, it may have been substantially a ected by the periodic boundary conditions and by the fact that the simulation disallows longer wavelengths. A larger scale simulation should enable us to explore the nature of this wave coupling.
Cross-sections of the Spectra
Perhaps the best method of examining full three dimensional spectra with two dimensional visualization tools is to inspect individual planar cross-sections of The range of the Fourier spectrum used by the simulation extends twice as far as shown, but these \highk" components are zero because of particle smoothing. the spectra. Using sets of these we can obtain a relatively detailed picture of the full spectra. Also, any one cross-section of n(k x ; k z ; !) looks a lot like a dispersion relationship. These spectra tell us precisely where in (!;k) space the dominant modes lie, their spectral widths and the phase velocity of each mode. Figure 4 shows spectral cross-sections for four values of k z . In order to make a greater range of perturbations visible we show the Fourier transformed density perturbations instead of their square. The negative frequencies in these gures can be confusing, so we'll discuss their implications. To generate these gures, we Fourier transform real data. The resulting spectra contain the symmetry, f(k x ; k z ; !) = f (?k x ; ?k z ; ?!), from which we plot cross-sections of the magnitude. If we were to plot the cross-sections of k x versus ! for all k z then half our images would be redundant.
We have discarded all but one of the redundant images.
The upper right of the k z = 0 image exactly mirrors its lower left side. Also, note that the D.C. component of the spectrum at (k x ; k z ) = (0; 0) has been set to zero.
A number of features stand out in these spectral cross sections. First, for each value of (k x ; k z ) where k x exceeds k z , the spectra shows a peak power at a well de ned frequency, ! max . This frequency de nes the phase velocity of the wave,ṽ ph ! maxk =k 2 . Second, the ! > 0, k x > 0 peaks have magnitudes which exceed the ! < 0, k x < 0 peaks. Hence waves propagating upward (parallel toẼ 0 ) and to the right have larger amplitudes than waves propagating downward and to the right. Third, the waves travel at a phase velocity below the velocity predicted by linear kinetic theory but above the acoustic velocity. For this simulation these two velocities lay fairly close to one another making a distinction di cult. Some confusion about phase velocities exists because researchers sometimes quote the velocity predicted by linear uid theory as the linear phase velocity. This velocity is far easier to calculate than that predicted by linear kinetic theory. However, the uid phase velocity is substantially larger than the kinetic one for the dominant modes of the two-stream instability.
During the early stages of wave growth, when the linear theory should apply, the simulation spectra reveal di erent behavior than during later times when the waves appear saturated by nonlinear e ects. During the growth stage, the dominant mode lies on the k z = 0 axis, essentially at the point predicted by linear kinetic theory. In this growing stage, linear kinetic theory also predicts the phase velocity of the wave quite well.
When the fundamental electron drift speed increases beyond V d = 580m=s, then linear theory predicts that the waves should travel faster. The simulation shows the dominant modes traveling at a higher phase velocity but not by as much as predicted by linear theory. Again, we observe the waves traveling at a speed between the acoustic speed and the linear kinetic phase velocity. We also observe a long wavelength mode develop, as in the V d = 580m=s case, but, in this case this wave travels more slowly than the sound speed. Since 50MHz radars measure relatively long wavelength modes compared to the dominant mode, they may pick up these slower waves. To adequately study these long wavelength modes requires higher resolution simulations which, in turn, requires more computational power than we currently have or a better technique. Comparing these spectra to those from a simulation where the dominant nonlinear behavior has been removed enables us to understand the origin of many of our spectral characteristics. The nonlinear behavior we removed was the response of electrons to the perturbed electric eld, called the \nonlinearẼ B electron drift" in paper 1. This linearization of the electron motion dramatically changes the simulation behavior and the resulting spectra. First, the location of the largest amplitude waves remain in a similar location in k-space, though the peak now lies on k z = 0 as predicted by linear theory. Second, the magnitude of the peak power exceeds those of comparable fully nonlinear simulations by a factor of almost 100. Third, these spectra have sharper peaks and, therefore, far less scattering into other modes. Fourth, the dominant mode travels at exactly the velocity predicted by linear theory. Fifth, the spectra of vertically oriented modes (i.e.,. perpendicular to the electron drift direction) do not show the spectra reminiscent of type II echoes. Sixth, these spectra do not show the development of long wavelength modes as seen in gures 3 and 4. All these e ects may be attributed to the nonlinear electron drifting. This drifting and its e ects are discussed more extensively in paper 1.
Power Versus Zenith Angle
Both radars and these simulations can compare the magnitude of density perturbations to zenith angle. Figure 5 shows the relative density perturbation in dB versus zenith angle. For one meter waves we see a decrease of roughly 0.35 dB/degree. For three meter waves, this information becomes less clear because we approach the scale-size of the simulation. In spite of the poor quality, we estimate that the magnitude diminishes at, very roughly, 0.25 dB/degree. While these power change rates match the radar results of Ierkic et al. 1980 ] quite well, it should be noted that what the radar measures di ers considerably from what the simulation calculates. The radar averages almost the entire height of the E-region, probably incorporating density irregularities resulting from both pure and secondary two-stream waves as well as any plasma turbulence present, while the simulation evaluates a simplied pure two-stream system.
Discussion
The dominant waves generated by these simulations show many features also exhibited by meter scale length waves observed in the E-region ionosphere. The simulations produce similar !-spectra making it easy to believe that the same physical basis underlies both the observations and the simulation spectra. The following discussion compares our simulation spectra results with experimental measurements.
Comparison with Radar Measurements
Type I radar echoes from the E-region show pronounced Doppler shifts with !-spectral widths considerably smaller than the Doppler shift. In the equatorial electrojet, these echoes result from either pure or secondary two-stream instabilities. Radars measure either one of these instabilities or, sometimes, a mix of them, depending on the radar con guration and the electrojet conditions. These simulations model the situation most closely resembling the pure two-stream waves of the upper electrojet and generate clear type I spectra. One may argue that these simulations also apply to secondary two-stream waves for the case when the gradient-drift wavelength is much longer than the twostream wavelength. However, the physics in that situation is potentially more complex than that represented by our simulation.
During periods of intense type I activity in the upper electrojet, radars detect vertical echoes with a large spectral width and little Doppler shift. These are usually referred to as type II echoes and attributed to the gradient drift instability. However as seen in gure 2, our gradient-free simulation !-spectra also show vertical irregularities with no net Doppler shift and similar spectral widths. In the simulation, these vertical spectral features result from coupling between the horizontally traveling two-stream wave and vertically oriented modes. As discussed in paper 1, nonlinear electron drifting causes this coupling. We note that, since type II echoes also occur in the absence of twostream waves, it appears that both the nonlinear coupling mechanism seen in these simulations and the coupling mechanism from the gradient-drift instability to smaller wavelengths produce similar !-spectra Fejer et al., 1975; Kudeki et al., 1982] . This makes the designation of type II ambiguous.
The Doppler shift of type I radar echoes indicates that two-stream waves travel with a phase velocity close to the acoustic speed. These simulations show some reduction of the velocity below that predicted by the linear theory but do not show the velocity xed strictly at C s for all wave-vectors as observed by radars. If the radar data is correct and all modes stimulated by these waves should travel at the acoustic velocity then it must be due to some nonlinear physical behavior left out of the simulations such as electron kinetic e ects. The theories of Sudan 1983a], Robinson 1986] and St.-Maurice 1987] fall into this category. If the simulations and the rocket data are correct Pfa et al., 1987a] and many modes propagate faster than C s (but not necessarily as fast as predicted by linear theory), then the following explanation may account for the radar data. First, radars cannot determine the di erence between the electron drift speed and the plasma acoustic speed, leaving the expected phase velocity quite ambiguous. The radar data may be telling us that this di erence is, on average, quite small, making the acoustic and linear velocities very similar. This explanation is made more plausible by the observation of type I echoes with Doppler velocities greater than C s in the auroral electrojetHaldoupis and Schlegel 1990]. We are currently exploring a mechanism which should account for these limited driving electron drift speeds in both the pure and secondary two-stream.
Radars often observe an east-west asymmetry in twostream waves. A westward pointing radar with a 45 degree zenith angle usually receives less power from reected waves than when the radar points eastward with the same zenith angle Cohen and Bowles, 1967] . Our simulation spectra show just such an asymmetry. This results from the nonlinear behavior of the waves discussed in paper 1. When the large antenna array at Jicamarca detects an asymmetry in type I echoes, it is measuring a secondary two-stream system and the mechanism described by Kudeki et al. 1985] applies. However, radars pointing at small zenith angles also observe an asymmetry and these may result from the nonlinearẼ B electron drifts which cause the asymmetry in our simulations. Ierkic et al. 1980 ] observed a 0.3 dB/degree rate of change in magnitude with zenith angle for 3m waves. This matches the simulation's result of 0.25 dB/degree to well within the uncertainty of the measurement. One problem with this comparison arises from the coarseness of the simulation's resolution of 3m waves. A second problem arises because the 0.3 dB/degree number probably depends on the di erence between C s and V d .
We observe from the simulations that the larger the difference between C s and V d , the broader the frequency spectrum and, therefore, the slower the fall-o rate.
Unfortunately, radars cannot determine V d . Further, radars capable of comparing zenith angle to magnitude generally have such large beam widths that they may mix measurements from pure two-stream waves from the upper E-region with coupled gradient drift/twostream from the middle E-region.
Comparison with the CONDOR Rocket Campaign
The CONDOR combined rocket and radar campaign provided some of the most recent and detailed observations of two-stream waves of the equatorial electrojet Kudeki et al., 1987; Pfa et al., 1987a, b] . In the upper electrojet, they observed these waves traveling principally horizontally with a dominant wavelength predicted by linear theory. Further, they calculated that the phase velocity of these waves \may have been comparable to the linear theory result." The uncertainty results from the di culty of measuring electron temperatures on a rocket.
The simulation results corroborate these CONDOR observations. We observe a dominant mode close to that predicted by linear theory and a phase velocity between the acoustic and linear velocities. However, the simulations of Newman and Ott 1981] , Janhunen 1994] and ourselves show that the principal modes travel obliquely to the electron drift direction. This was not detected by the in-situ measurements. Our simulations account for this discrepancy by showing that the obliqueness increases as a function of the electron drift velocity and, when this velocity only slightly exceeds the threshold, this angle becomes small enough that the in-situ instruments may not have been capable of measuring it.
Perhaps the most interesting observation of the CON-DOR campaign was made when both the rocket and radars simultaneously studied the electrojet at 108km above Jicamarca. The rocket showed that no gradientdrift waves were present by observing no kilometerscale waves and a plasma density gradient which should prevent gradient-drift wave growth. Nonetheless, the radars measured vertically oriented, broad spectrum echoes with no Doppler shifts. These echoes appear identical to type II echoes but cannot result from the gradient-drift coupling mechanism proposed by Sudan 1983b] . We argue that these echoes and the vertical spectra generated by our simulations result from the same physical mechanism: nonlinear mode coupling driven byẼ B electron drifts.
One further noteworthy point regarding the CON-DOR campaign. In the middle electrojet (102-106km), they observed secondary two-stream waves and suggested that the driving electron drift speed of the gradient-drift waves may limit the two-stream phase velocity to close to the acoustic velocity.
Concluding remarks Farley 1985] states that \It is especially di cult to understand how the vertically propagating waves can be excited by horizontal electron ow. Some sort of nonlinear mode coupling is obviously required." His speculation about mode coupling appears essentially correct. However, we argue that the mechanism for these waves is a relatively simple secondary instability which occurs when the electrons respond to the perturbed electric eld of the primary Farley-Buneman instability elec-tron two-stream wave. This is described more fully in paper 1. The spectra from these 2D hybrid simulations compare strikingly well to the spectra observed in the Eregion electrojet. The spectra look similar to type I and type II echoes. The phase velocities of the dominant waves lie below the velocity predicted by linear theory. The dominant modes couple to longer wavelength modes which travel at velocities close to the acoustic velocity. The spectra show an asymmetry between waves with an upward versus downward directional component which may match the east-west asymmetries that equatorial radars observe. Finally, the spectra show a 0.3dB/degree change in power with zenith angle that agrees with observation.
